Neuronal development relies on a highly choreographed progression of dynamic cellular processes by which newborn neurons migrate, extend axons and dendrites, innervate their targets, and make functional synapses. Many of these dynamic processes require coordinated changes in morphology, powered by the cell's cytoskeleton. Intermediate filaments are the third major cytoskeletal elements in vertebrate cells, but are rarely considered when it comes to understanding axon and dendrite growth, pathfinding, and synapse formation. In this review, we first introduce the many new and exciting concepts of intermediate filament function, discovered mostly in non-neuronal cells. These roles include dynamic rearrangements, crosstalk with microtubules and actin filaments, mechano-sensing and -transduction, and regulation of signaling cascades. We then discuss the understudied roles of neuronally expressed intermediate filaments, with a particular focus on intermediate filaments expressed during development, such as nestin, vimentin, and -internexin. Lastly, we illustrate how signaling modulation by the unconventional intermediate filament nestin shapes neuronal morphogenesis in unexpected and novel ways. Even though the first intermediate filament knockout mice were made over 20 years ago, the study of the cell biological functions of intermediate filaments in the brain still has much room for exciting new discoveries
terminus of variable lengths (from ~ 15 amino acids to > 1400 amino acids). The central rod domain allows formation of coiled-coil dimers which then assemble into higher order filaments. The N-terminal head domains and C-terminal tail domains are non-helical and contain intrinsically unstructured segments. The head domain is required for assembly whereas the tail domain protrudes laterally from the assembled filament, but is not required for assembly ( Figure 1 ).
The first step in assembly is the formation of parallel dimers which then form antiparallel tetramers (Figure 1) . The tetramer is apolar and forms the basis for an apolar assembled filament. Unlike microtubules and actin filaments, therefore, the two ends of assembled IFs are identical. Dimers and tetramers of many IF proteins are exceptionally stable and can form in vitro in 5M urea (Köster et al., 2015; Kreplak et al., 2004) . In vitro, eight tetramers can laterally associate to form unit length filaments (ULFs) which then join end-to end to form filaments of increasing lengths (Figure 1) . The ULF can thus be envisioned as being the assembly-competent subunit in this model (Köster et al., 2015) . In vitro assembled IF preparations readily show filaments of various lengths as well as smaller particles, and evidence for stable tetramers and ULFs in vitro is overwhelming. There is also increasingly good evidence that tetramers and small particles (likely ULFs) can exist inside cells (Bernot et al., 2005; Kim & Coulombe, 2007; Soellner et al., 1985) , but overall there is a strong energetic driving force towards assembled filaments in vitro and in vivo. IFs thus largely exist as filamentous/assembled (i.e. biochemically insoluble) species (filaments of various lengths) with only a small proportion of non-filamentous/unassembled (i.e. biochemically soluble) subunits which likely correspond to tetramers and ULFs Kim & Coulombe, 2007; Soellner et al., 1985) . The actual ratio of soluble to insoluble IFs inside cells, though, varies between cell types, conditions, and IF protein subunit types and combinations. For a recent review on assembly, see Herrmann & Aebi (2016) and Robert et al (2016) .
2) IF proteins are encoded by a large multi-gene family subdivided into assembly classes.
Unlike the nuclear lamins which are universally present in metazoans, cytoplasmic IF genes were first identified in vertebrate genomes, but IF-like genes have more recently been identified in invertebrate genomes as well (Herrmann & Aebi, 2016; Herrmann & Strelkov, 2011) . For instance, C. elegans has 11 genes encoding IF proteins. Of these 11 genes, four are essential genes (Karabinos et al., 2001) . Squid axons contain at least two NF protein types (Roslandsky et al., 1980) . Notably, no IF-related genes have been identified in arthropods, as exemplified by the model organism Drosophila melanogaster, although some intermediate filament-like proteins have been described (Cho et al., 2016) . IF genes are thus present in animal that lack exoskeletons, whereas animal with exoskeletons lack IF genes. Vertebrate genomes contain an even larger number of IF genes. For instance, there are over 70 genes encoding IF proteins in the human genome, giving rise to an astounding isotype variety. IF genes are classified into distinct classes based on sequence homology, some of which can form heteropolymers whereas others cannot . The largest class by far are the keratins (54 functional genes in humans) which are subdivided into acidic (class I) and basic (class II) keratins. Keratins can only assemble via obligate heterodimers of one acidic and one basic keratin. Class III IFs include vimentin (VIM), desmin, peripherin, and glial fibrillary acidic protein (GFAP). Class III IF proteins are capable of forming homo-oligomers. Class IV includes most of the neuronally expressed IF genes, such as the historically defined "triplet" neurofilament proteins, neurofilament-light (NF-L), neurofilament-medium (NF-M), and neurofilament-heavy (NF-H), as well as -internexin (INA)-which is a 4 th neurofilament subunit (Yuan et al., 2006) . INA and NF-L can form homo-oligomers in vitro, and INA and human NF-L have been shown to do so in cells as well. NF-M and NF-H, on the other hand, require heterodimerization with NF-L. As discussed in Section III.1., peripherin (in the PNS) and INA (in the CNS) form heteropoylmers with NF-L, NF-M, and NF-H, and are thus bona fide building blocks of neurofilaments. In order to emphasize that INA and peripherin are standard components of neurofilaments, we propose a nomenclature of "NF-I" to refer to neuronal INA and "NF-P" to refer to peripherin. We will thus not use the "triplet NF" terminology. Instead when we refer to neurofilaments (NFs), we are referring to to INA, peripherin, and the NF-L, -M, -H proteins. Emerging evidence suggests that vimentin and nestin (described below) expression can overlap with NF expression during early neuronal maturation. Vimentin and nestin can also incorporate into NF filament systems in these early developmental periods, and possibly even in mature neurons, and thus with more new data emerging, these proteins might be referred to as "NF-V" and "NF-N", when in a neuronal context, in the future. Another Class IV IF protein is synemin, which is best studied at the muscle sarcomere, but evidence suggests is also in expressed in some CNS neurons. Nestin is an unconventional IF protein and is sometimes classified with Class IV or in a separate class VI (Lendahl et al., 1990) . Because of its particularly short head domain, nestin is incapable of forming homo-polymers and usually co-assembles with VIM or INA/NF-I (Steinert et al., 1999a) . NF-M and NF-H also cannot form homo-polymers (Lee et al., 1993) . This review will focus primarily on the neuronally expressed IF proteins, but will draw on insights gleaned from work on keratins and VIM, in particular, to illustrate certain points. Class V is comprised of the nuclear lamins which will not be discussed in this review.
3) IF proteins are expressed in a highly cell-lineage restricted manner.
One of the striking features of IFs is that they are expressed in a highly cell-lineage specific manner and are thus often used as convenient markers for specific lineages. For instance, keratins are expressed overwhelmingly in epithelial cells whereas the neurofilament proteins are restricted to expression in neurons. Within the nervous system, neurons in the peripheral nervous system contain peripherin/NF-P while those in the central nervous system do not. INA/NF-I is present in adult central nervous system, but absent from adult peripheral nerves (Yuan et al., 2012) . Desmin is highly expressed in muscle whereas GFAP is expressed in astrocytes. This tight regulation of IF subtype expression, which has the potential to give each cell type a "unique cytoskeletal architecture" Mitew et al., 2013) , begs the question of what cell type-specific functions the IF proteins carry out and to what degree IF proteins are functionally interchangeable.
There are two obvious ways to think about the potential functional relevance of the celllineage specificity of IF protein expression. The first is to ask how assembled filaments made from different IF proteins might be different from each other to impart cell type-specific functions (stiffness, dynamics, etc.), and the second is to ask if different IF subtypes have different binding partners that would change the functionality of the filament in different cell types. With regard to the first question of whether filaments made from different subtypes are structurally distinct, whether they are more stable or more dynamic, and whether their Accepted Article assembly or disassembly is regulated differently dependent on the IF subtype, the answer is clearly yes. For example, vimentin and INA/NF-I filaments have very similar axial length dimensions, but INA/NF-I filaments are more stable than VIM filaments in vitro (Steinert et al., 1999b) . In addition, there are differences in the head and tail domains of IF protein types. Head domain differences can lead to differential assembly or disassembly since phosphorylation of head domain residues are particularly important in slowing assembly inside cells. Tail domains can be as short as 15 amino acids (in human keratin 19; Herrmann & Aebi, 2016) or as long as 1497 amino acids (in rat nestin; Lendahl et al., 1990) and the tails protrude laterally from the filament. If the protruding tail is long, it gives some IFs a "bottle brush" appearance by EM (Herrmann & Aebi, 2016; Kornreich et al., 2016) (Figure 1 ). Inside cells, the protruding long tails are thought to change the spacing of filaments and/or the interaction with other cytoskeletal components (Kirkcaldie & Collins, 2016; Kornreich et al., 2015) . In addition, there are a large number of phosphorylation sites on the repeat motifs present in the tail domains of a subset of IF proteins, which substantially change the charge distribution and conformation of the protruding tails (Omary et al., 2006; Snider & Omary, 2014) . These IFs are thus structurally distinct based on their tails. Regarding the second possibility of recruiting distinct binding partners to create functional diversity, the divergent tail domains are a prime candidate since they vary greatly among the subtypes and can bind to different IF associated proteins (IFAPs). There is thus much interest in divergent structural features, post-translational modifications, and binding interactions of the distinct tail domains in different IF proteins. This review will focus on this latter scenario, and will discuss IF binding proteins and their roles below.
Another poorly understood aspect of IF subtype diversity relates to cell types that express more than one IF protein subtype at the same time and could thus make distinct IFs that contain a mixture of subunits. This is certainly true for neural progenitors which express vimentin and nestin, but also for neurons which typically express many IF proteins at the same time (such as NF-L, -M, -H, INA/NF-I or peripherin/NF-P) which assemble into heteropolymers in neurons even though a particular subunit (such as INA/NF-I) has the capacity to form homopolymers in vitro. For example, differences in the rod domains of nestin and vimentin change the stability and ease of subunit exchange of filaments made of pure vimentin compared to a nestin-vimentin hetero-polymer (Steinert et al., 1999a) . Nestin containingvimentin IF networks can more quickly disassemble when modified by cyclin dependent kinases (Chou et al., 2003) . It has been postulated that this is important during cell division. In support of this notion, nestin is often associated with rapidly dividing cell types, both developmentally (various tissue progenitors; Bernal & Arranz, 2018) and in cancers (Neradil & Veselska, 2015; Rani et al., 2006) . Thus, this is an example of how a heteropolymer can behave and function very differently than a homo-polymer in the same context. Some of the intriguing questions relate to whether all IF filaments in such cells have the same IF composition or if regional differences occur as to the relative incorporation of one or the other IF protein into the IF filament locally. Visualization of IF protein types segregating into subdomains within a single polymer (Bott et al., 2019a; Leduc & Manneville, 2017) is only possible with careful, high resolution/magnification, multi-channel/color microscopy. Immunolabeling experiments of cell lines (Hela, PtK2) showed that there can even be two distinct, non-intermixing IF networks comprised of keratins and vimentin (Eriksson et al., 2009; Osborn et al., 1980) . This serves as the basis for another way to classify the different IF species, i.e. by assembly group: IF proteins are grouped together if they can assemble together into heteropolymers. The acidic (class I) and basic (class II) keratins comprise assembly group 1, which are cytosolic IFs and generally the most stable/static. Assembly group 2 is comprised of Class III and Class IV IF proteins, which are also cytosolic but generally more dynamic in terms of assembly and rearrangement. Assembly group 3 is comprised of the nuclear lamins, which are also very stable. These three groups can exist as structurally distinct filament systems within a single cell . This local diversity could additionally diversify the roles IFs play in each cell type. 4) Human diseases are linked to IFs.
IFs in many cell types play critical roles as manifested by the devastating diseases linked to mutations in these genes. Examples include dysfunctional epidermal keratins (keratins 5 and 14, in particular) which lead to fragile skin with extensive blistering (epidermolysis bullosa simplex; Kim & Coulombe, 2007; Omary, 2009) ). Keratins are often considered to be among the most stable IFs with only a small soluble pool recovered in cell fractionation experiments, and the phenotypes associated with keratin mutations suggest that keratins are responsible for mechanical integrity of the epithelium. Consistent with their high stability, keratin filaments have been shown to be crosslinked by disulfide bonds (Navone & Speight, 2018) , something that has not been described for other IFs. Another example is the muscle-specific IF desmin which enables muscle cells to withstand the mechanical stress of contractility. Mutations in desmin thus manifest as cardiomyopathies. Several of the neuronally expressed IF genes are linked to Amyotrophic Lateral Sclerosis (ALS) or Charcot-Marie-Tooth disease which cause neurodegeneration in the peripheral nervous system (Brownlees et al., 2002; Omary, 2009) . It is of note that patients homozygous for null mutations in NF-L develop recessive CMT2E, a severe neuropathy, even though the phenotype in mice is fairly mild. Again, one interpretation is that neurofilaments contribute to the mechanical integrity of peripheral nerves. About half of the human IF genes (Omary, 2009 ) have so far been genetically linked to human diseases, but many have not. This suggests, 1) that these non-linked genes play essential roles (with no live human births) or, 2) that they play more subtle roles that can be compensated for by other pathways, and their absence does not lead to mechanical lability of the expressing cell. Thirdly, links to human diseases for these IF genes might still be discovered in the future.
In addition to recessive disease alleles identified in patients with CMT2E, diseaseassociated mutations in neurofilament genes are frequently not loss-of-function, but act dominantly. The proposed mechanism for such dominant pathology is based on the observation that abnormal aggregates of NF proteins form and accumulate in neurons (Didonna & Opal, 2019) . These might be toxic and lead to the dominant phenotypes of these disease-associated alleles. Abnormal accumulation of IF proteins has also been noted in multiple degenerative diseases (Alzheimer's, Parkinson's, Huntington's, spastic paraplegia, spinal muscular atrophy, giant axonal neuropathy), neuropsychiatric disorders (drug addiction, schizophrenia, bipolar disorder), and others (cancer, diabetic neuropathy, traumatic brain injury) (Didonna & Opal, 2019; Eriksson et al., 2009; Godsel et al., 2008; Mahammad et al., 2013; Omary, 2009; Omary et al., 2004; Perrot et al., 2008; Perrot & Eyer, 2009; Sharma et al., 2019; Yuan & Nixon, 2016) . These diseases and disorders can often occur even in the apparent absence of mutations in the neuronal IF genes (Barry et al., 2007) . The aggregates are presumably the result of changes in expression, post-translational modification, or dysregulation of assembly/disassembly of IFs as Accepted Article a secondary consequence of the pathological process. To what degree these IF aggregates contribute to the observed pathologies is not clear.
Knockout mice have been widely used to ask what roles IFs might be playing in tissues, but clear answers are slow to emerge because phenotypes are subtle or context-specific. When IFs are impaired or depleted in cell culture, defects in cell migration, mitosis, suppression of apoptosis, and other critical processes were observed. When the first IF knockouts were generated, there was therefore much surprise that many of them were viable and fertile. For instance, the VIM KO mouse has no striking developmental defects. The lack of apparent phenotypes has led to the assessment that IFs are either redundant or play subtle and noncritical roles, especially in development (Eriksson et al., 2009; Sanghvi-shah & Weber, 2017) . Since these first reports, more extensive phenotypic analysis has uncovered multiple problems arising in some of the KO animals, demonstrating roles of IFs in later stages of tissue morphogenesis or in tissue maintenance and recovery from injury (Eckes et al., 2000; Sanghvishah & Weber, 2017; Zhu et al., 1997) . An extensive discussion of mouse knockout phenotypes can be found in Battaglia et al. (2019) , Galou et al. (1997) , Perrot et al. (2008) , and Toivola et al. (2005) . These phenotypes highlight the importance of IF proteins in imparting structural integrity to multicellular assemblies. It is of note that in Xenopus loss of keratin expression leads to early developmental abnormalities at the gastrulation stage more pronounced and earlier than those observed in mice (Baribault et al., 1993; Sonavane et al., 2017) , raising interesting questions about redundancy among IF classes in mammals. In addition, IF proteins have emerged as important players during cell stress and after injuries. For instance, VIM KO mice show defects in injury responses and in wound healing (Cheng et al., 2016; Eckes et al., 2000) . Phenotypes such as these may not be as apparent in mice that are kept in stress-, disease-, and predator-free laboratory vivarium where food and water are in abundance, but could become important to a mouse under strenuous conditions in the wild ("thrive vs. survive"). In addition, these more subtle defects might be accounted for by redundancy among IF subtypes or point to other functions which are not primarily related to imparting structural integrity to cells. We will discuss the mounting evidence for non-structural roles of IFs below.
5) IF networks are dynamic.
New tools have now demonstrated clearly that many IF networks are more dynamic than initially thought (Robert et al., 2016) . Despite their stability, IF networks can undergo undulating movements, and can contract and rearrange without complete disassembly. For instance, in addition to long assembled filaments, smaller oligomers such as tetramers and small "particles" as well as short filaments (called "squiggles") can be observed by live imaging which undergo dynamic behaviors such as lateral subunit exchange along filaments, annealing of short filaments to make longer filaments, and transport along microtubules. In addition, severing of long filaments into shorter filaments has been observed. It is currently not understood how annealing or severing of IFs is regulated and if auxiliary proteins are required (Colakoglu & Brown, 2009 ).
How the assembly dynamics of IFs are regulated in time and space inside cells is not yet fully understood. There are clear indications that particles and non-filamentous pools of vimentins and keratins are more common at the periphery of cultured cell lines and that assembly is spatially regulated (Robert et al., 2016) . There is thus a striking non-homogeneous Accepted Article distribution of IFs in many cells. For example, when cells migrate collectively (as is the case in many instances of developmental tissue morphogenesis), keratin filaments need to be assembled from newly synthesized keratin subunits in a polarized fashion to coordinate polarization, directionality of motility, and communication across many cells (Sanghvi-shah & Weber, 2017) . It has been known for a long time that IFs connect to a subset of cell contact sites, such as desmosomes and hemidesmosomes, where they are associated with specialized adhesion receptors and impart not only resistance to deformation for an individual cell, but also structural integrity across sheets of connected epithelial cells. Force transduction across cellcell junctions is in fact required for reorganizing keratin networks from a radially symmetric "wagon wheel" configuration into a network which is polarized towards the rear of the cell. This polarized network of keratin IFs then in turn regulates actin dynamics and assembly in a polarized manner (Sonavane et al., 2017 ) (see section II-3 for more details).
In addition to differential assembly of filaments to ensure directional motility, oligomeric forms of IFs might also be playing functional roles in dynamic cellular processes (Robert et al., 2016) , including cell motility. The preferential localization of oligomeric IF pools near the cell periphery of motile cells suggests that local disassembly might be critically involved in changing the mechanical properties and allowing local actin-driven motility (Robert et al., 2016) . In addition, IF proteins have been shown to be involved in some signaling pathways, both as filaments and as oligomers (Robert et al., 2016) . There are only a handful of such examples (see below), but our current understanding of the possible dynamic roles of oligomeric IF species is very likely to be quite incomplete. In fact, many of the early studies and characterization of neurofilaments were (and continue to be) performed on an insoluble fraction of bovine brain which contains a very stable population of neurofilaments. The more soluble and probably dynamic population of neurofilaments were discarded in these preparations -yet observations on the insoluble pool have been generalized to all IF networks.
Another striking example of dynamic rearrangements of IFs is during mitosis where VIM IFs completely disassemble prior to M phase (Chou et al., 2003; Robert et al., 2016; Sahlgren et al., 2001) . This disassembly is triggered by phosphorylation of the head domain by cyclindependent kinases and is thus a highly regulated process. The importance of the intricate connections of signaling pathways impinging on IFs as a downstream target are increasingly obvious. The best documented IF connection with signaling proteins are kinases that phosphorylate IF protein head domain residues, resulting in disassembly of IFs. These kinases are often downstream of growth factor pathways and drive disassembly of IF networks. A separate signaling link to IFs which is only emerging and less well documented is the reverse causality: IF proteins are upstream in some signaling cascades to affect the signaling output. This signaling modality of IFs will be discussed in more detail in section II-2.
1) IFs provide structural support to cells.
Based on extensive evidence, IFs have come to be viewed as forming a stable filament network that extends throughout the cytoplasm to provide structural support in many cell types. IFs have very unusual mechanical properties compared to microtubules and microfilaments. IFs can be stretched (to 2.5 times their initial length) without breaking and can thus provide elastic support to cells under mechanical strain (Kreplak et al., 2005) . Cellular stiffness is also influenced by IFs, so the responses of cells to both compression as well as to stretching are dependent on the viscoelastic properties of IFs. Since IFs interact with cell-cell adhesion sites, IFs impart mechanical integrity not just to individual cells but also across multicellular assemblies (Sanghvi-shah & Weber, 2017) .
In addition to acting as mechanical stabilizers in the context of their own filament system, IFs interact in complex ways with microtubules and microfilaments . It has been known for a long time that when drugs are used in cultured cell lines to disassemble microtubules, IF networks will ultimately also collapse in a tight cage around the nucleus. Interdependent interactions have also been observed between IFs and microfilaments, especially for the keratin IF networks. One mechanism to account for the interdependence of the three cytoskeletal elements is the presence of linker proteins which bind IFs and also microtubules or microfilaments. The best known such example is plectin which binds to IFs (such as keratins, VIM, and desmin) as well as to actin and microtubules. Loss of plectin leads to mechanical instability of muscle and other tissues and thus phenocopies loss of the IF protein itself. Another IF linker protein which also binds microtubules and actin is BPAG1 (bullous pemphigoid antigen). Loss of BPAG1 in mice is associated with major defects in the skin as well as with sensory neuron degeneration (Leung et al., 2001) , again reminiscent of phenotypes associated with mutations in the IF genes themselves. More recently, Rudhira/BCAS3 (Breast Carcinoma Amplified Sequence 3) acts as a linker protein by binding to intermediate filaments and microtubules. Loss of BCAS3 in mice results in an embryonic lethal (E9.5) phenotype due to severe disruption of vascular patterning and is important for endothelial cell migration (Joshi & Inamdar, 2019; Shetty et al., 2018) . IFs operate thus in close functional crosstalk with microtubules and microfilaments to integrate cellular space and provide structural integrity . Vimentin IFs can also provide "memory" to template microtubule regrowth after microtubule depolymerization (Gan et al., 2016) . Various IF protein types can interface with other cellular components via linker proteins, such as with adhesions (Filamin C), the plasma membrane (Spectrins), and the nucleus (Nesprin and SUN-KASH proteins) via additional linker type proteins (Starr, & Fridolfsson, 2010; Goldmann, 2018; Liem, 2019) .
The viscoelastic properties of cells (i.e. their stiffness and their resilience to withstand stretching) could thus be a function of both IF networks independently as well as of IF networks which are dynamically interconnected to other cytoskeletal elements. In either scenario, IFs are often also anchored at cell-cell and cell-matrix junctions in order to act as mechanical integrators in cells. Again, the exact response of any given cell type to mechanical forces could be tailored to its specific needs by the cell type-specific expression of a particular IF protein which can impart different cytoskeletal crosstalk and regulation .
2) Beyond structure -IFs modulate signaling cascades.
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We discussed above the roles of phosphorylation of head domain residues in changing assembly and disassembly kinetics of IFs, making IFs a downstream target of kinase signaling cascades. The reverse is also true: binding of signaling components to IFs changes signaling outcomes. Some of the known signaling processes affected by IFs are cell cycle, apoptosis, and stress responses . IF binding interactions with signaling components occur within both the head and tail domains of IF proteins (Green et al., 2005; Herrmann & Aebi, 2000; Omary et al., 2006) . Many of the known binding partners of individual IF proteins are signaling proteins and their binding to IFs changes their localization and possibly their activity. Since the different IF proteins have very divergent tail domains, the binding interactions are very much dictated by the IF isotype expressed and are one likely reason for cell type specificity of IF proteins. Given how many distinct IF proteins exist, we have barely scratched the surface of the possible roles that IFs play in different cell types to modulate signaling. The observations that many IF KO mice have subtle defects is overall consistent with many of them modulating signaling rather than being required solely for structural support. There are several different ways in which IF proteins can influence signaling outcomes. These include IFs providing binding scaffolds for signaling components along assembled filaments, regulating the positioning of organelles, and acting as mechanosensitive signal transducers. Secondly, some evidence is also accumulating that oligomeric, non-filamentous IF pools can play active signaling roles.
One mechanism of how IFs can affect signaling is to remove an active signaling component from its site of action by scaffolding it to IFs. For example, 14-3-3 proteins bind to the phosphorylated head domain of VIM or keratin (Ku et al., 1998; Ku et al., 2002; Liao & Omary, 1996; Paramio & Jorcano, 2002; Tzivion et al., 2000) . This regulates how available 14-3-3 is to its many other binding partners which include cell cycle control proteins (such as cdc25), signaling factors (such as Raf, PI3K), and apoptosis regulators (such as BAD). Absence of keratin K8, as an example, causes changes in cell cycle regulation by driving cells into S phase. This might be due to lack of sequestering of 14-3-3 by keratin K8. Other signaling pathways besides 14-3-3 are also modulated by direct binding to IFs. Keratin K10 binds the kinases Akt/PKB and PKCvia its head domain which sequesters them away from their membrane binding sites and keeps them inactive (Paramio et al., 2001) . This again affects cell cycle progression. In addition, scaffolding by an IF can also increase rather than decrease signaling output of a particular pathway (see section IV.5).
Are non-filamentous IF oligomers also capable of modulating signaling? The modulation of 14-3-3 signaling discussed above might be one such example since phosphorylation of head domains disfavors assembly and 14-3-3 binds preferentially to phosphorylated residues in the head domain. There are several well documented examples in which cellular stress responses are changed when IF proteins are depleted. As an example, it has been shown that axonal injury leads to upregulation of VIM in the injured axonal stump. This occurs by local translation of preexisting axonal VIM mRNA and is coupled to calpain-mediated cleavage of VIM in the rod domain which renders it assembly-incompetent. This injury-induced non-filamentous VIM pool is required for injury signaling to the soma (Perlson et al., 2005) : neurons derived from VIM KO mice have a blunted injury response. The exact oligomeric form of VIM involved in injury signaling is not known. Mechanistically, axonal injury signaling requires the retrograde transport of pERK via dynein (Perlson et al., 2005) . It was shown that VIM binds to the nuclear Accepted Article import factor importin as well as to dynein. Importin in turn, binds to pERK and the complex of VIM-importin-pERK is transported back to the soma via dynein. Once it reaches the soma, pERK dissociates from the VIM complex and signals transcriptional changes to mount an injury response. One of the roles of VIM is thus to create the bridge between pERK and dynein motors. A second role is that pERK is stabilized when bound to the VIM complex, which allows active pERK to be maintained for the journey back to the soma (Perlson et al., 2004 (Perlson et al., , 2005 . Ndel1 translated de novo at the crush site facilitates the formation of a multi-protein VIMdynein complex, and is associated with more robust axon regrowth Toth et al., 2008) . Binding to VIM thus scaffolds an active signaling component away from deactivating phosphatases and links it to a microtubule motor for long-distance transport (Perlson et al., 2005 (Perlson et al., , 2006 . NF-L null mice also exhibit delayed axon regeneration, but it is not known if NF-L is functioning in a filamentous or non-filamentous form (Zhu et al., 1997) .
3) Integrating structure and signaling -mechanosensitive signaling roles of IFs.
Another emerging concept in IF biology is that assembled IFs can change signaling inside cells by virtue of sensing and responding to mechanical forces via cell-cell and cell-matrix junctions. This new concept thus combines a purely mechanical role for IFs with a signaling role and profoundly changes the way we think about mechanical integration of complex cellular behaviors. One striking example is the molecular mechanisms of collective cell migration, using Xenopus embryos as a model system. In explants of collectively migrating embryonic tissue, tension on cadherin cell-cell contact sites recruits local keratin filaments to the rear of a migrating cell via the adaptor plakoglobin (Weber et al., 2013) . The keratin network assembled at the rear of the cell in turn suppresses Rac activation and thus the assembly of actin filaments (Sonavane et al, 2017) . In turn, activated Rac at the front of the cell not only organizes actin assembly to drive lamellipodial protrusion but also leads to local disappearance of keratin IFs. There is thus a reciprocal feedback regulation of actin and keratin filaments which is spatially organized by the force transduced across junctions at the cell's rear in a migrating cell sheet (Sonavane et al., 2017) . Singly migrating cells in culture, on the other hand, rely on cell-matrix contacts, such as focal adhesions, which are cross-regulated by VIM filaments. Interestingly, VIM can bind β1 Integrin (Kreis et al., 2005) , and also regulates FAK (Dave et al., 2013) . Migratory cells in many different contexts are thus likely to engage mechanosensing, IF-based mechanisms to regulate signaling to the actin cytoskeleton, to cell junctions, and possibly as well to microtubules (Sanghvi-shah & Weber, 2017) . The molecular details of how mechanical tension, IFs, and actin networks are integrated to modulate cell polarity and directional migration are only starting to be understood, and much more will be learned in the future.
III.) Intermediate filaments in neurons
Neurons, like other cell types, express IFs and do so in a cell type-specific manner. In fact, the neuronal-restricted expression of the neurofilament (NF) class of IF proteins is commonly used to identify neurons by immunostaining. Mature neurons express specific subsets of IF proteins, most notably the neurofilament subunits NF-L (light), NF-M (medium), and NF-H (heavy) which are historically referred to as the "triplet" NFs. Immature neurons initially do not express the classical "triplet" set of NFs, NF-L, -M, -H, but express VIM, nestin, Accepted Article and INA/NF-I. The early expressed neuronal IFs VIM and nestin are rapidly downregulated and NF-L, -M, and later on NF-H are upregulated ( Figure 2) (Bennett, 1987; Benson et al., 1996; Cochard & Paulin, 1984; Grant & Pant, 2000; Nixon & Shea, 1992; Yabe et al., 2003) , although in some cells these early IFs can persist into adulthood (Gu et al., 2002; Guo et al., 2014; Hendrickson et al., 2011) . The complex changes in IF expression as neurons mature beg the question of what roles the early neuronal IFs (VIM and nestin) play and what roles the classical "triplet" NFs play that are uniquely needed in either developing or mature neurons, respectively. For example, it was recently found that nestin, which is highly expressed in neural progenitors and rapidly downregulated after neuronal differentiation, is still present in very young neurons and plays surprising roles in growth cone morphology and guidance responses (Bott et al., 2019a) .
1) The neurofilament class of IFs are the main structural IF in mature axons.
NFs in mature neurons have been extensively studied, and we refer the interested reader to the many excellent reviews which focus on NF-L, -M, and -H (Barry et al., 2007; Kirkcaldie & Dwyer, 2017; Laser-Azogui et al., 2015; Perrot et al., 2008; Perrot & Eyer, 2009; Yuan et al., 2009) . It has now been demonstrated that in addition to the neurofilament "triplet" of NF-L, -M, and -H, either INA (in the CNS) or peripherin (in the PNS) are stable components of NFs, making them thus "quadruplet" NF networks. Since INA and peripherin are components of neuronal intermediate filaments, they should be included among the neurofilaments. NF subunits assemble as obligate heteropolymers. NF-L, INA/NF-I and NF-P are capable of homooligomerization in vitro, but both NF-M and NF-H require heterodimerization with NF-L for assembly and transport. In mature optic nerve, NF filaments were determined to have a subunit composition of 4:2:2:1 (NF-L:NF-I:NF-M:NF-H) (Perrot et al., 2008) . Neurofilaments in adult mammals are thus heteropolymers of 4 subunits, either NF-L, -M, -H, and -I in the CNS or NF-L, -M, -H, and -P in the PNS.
The roles of NFs in axons include maintaining cytoskeletal spacings and creating a viscoelastic cytoplasm in the axon which resists deformation (Leterrier et al., 1996; Rammensee et al., 2007) . In mature axons, NFs fill the entirety of the axons along their lengths. Since NFs have very long tail domains with many phosphorylation sites (especially NF-H), the tails protrude laterally from the surface of the filament and are thought to increase spacing between NFs as well as between microtubules. NF-M appears to be more important than NF-H since mice lacking the NF-H have similar NF spacing to WT mice. NF KO mice show disruption of axon morphology. Most strikingly, axon diameters are decreased, particularly in NF-L knockout mice which lack NFs entirely. This affects conduction velocity in these axons and leads to sensorimotor deficits. In addition, axon numbers are decreased by 10 -20% in NF-L and NF-M knockouts (Perrot et al., 2008) . The phenotypes of NF KO mice are consistent with NFs playing structural roles in the axon as stably assembled filaments (Kirkcaldie & Collins, 2016) . However, there is some evidence that the changes in axon diameter is not the only factor causing the decreases in conduction velocity. For instance, NF-H knockout mice, which only have minor changes in axon caliber, conduction velocity of individual neurons was decreased up to 40% compared to WT axons, even though axon diameters are similar to WT axons (Kriz et al., 2000) .
Even though NFs are often used to label axon tracts, their distribution in axons may not be as uniform as frequently assumed (Chan et al., 1997; Goldstein et al., 1983) . In the adult Accepted Article guinea pig and rat neocortex only about 10-20% of mainly pyramidal neurons can be labeled with any combination of NF-L, NF-M, or NF-H directed antibodies, or with the NF-M/NF-H reactive SMI-32 antibody, and intensity of immunolabeling can vary by brain region (Hiscock et al., 1996; Kirkcaldie et al., 2002; Ouda et al., 2012; Vickers & Costat, 1992) . Studies of monkey and human cortices came to a similar conclusion, although the proportion was slightly higher in human brain (20-30%) (Campbell & Morrison, 1989) . The interpretation of these findings is complicated because many anti-NF antibodies preferentially recognize phosphorylated epitopes and not all anti-NF antibodies are well characterized with respect to their relative affinity for differentially phosphorylated NFs. Decreased staining could thus also be due to changes in phosphorylation state. We note that Kircaldie et al. (2002) confirmed their findings with multiple phospho-independent epitope antibodies. However, most of these studies were performed before the appreciation of INA/NF-I as a NF protein, and focused on NF-L/-M/-H, and thus, as the authors note, could INA/NF-I could be present in some of the NF-L/-M/-H negative neurons. The consequence of NF deletion include alterations in axon caliber in PNS axons where NF content is highest, but in CNS axons changes of axon caliber due to NF deletion are far less pronounced. One thus wonders if NFs might be performing other functions in the CNS, such as roles in development and/or synapse modulation. For instance, genetic deletion of INA/NF-I, NF-L, and NF-H (which completely eliminates any NFs in the hippocampus) results in a significant decrease in hippocampal long term potentiation without altering synapse morphology (Yuan et al., 2015) .
NFs are also subject to phosphorylation by many stress-induced kinases and are often described as "phosphate sponges" or "sinks", capable of buffering the detrimental effects of over-activated kinases (Kim & Coulombe, 2007; Lobsiger et al., 2005; Omary et al., 2006; Rao et al., 2002) . Not surprisingly, NFs have been found to be associated with neurodegenerative diseases (Barry et al., 2007; Hyder et al., 2008) , and these defects are often associated with abnormal NF phosphorylation (Perrot et al., 2008) . NFs can also be found in aggregates after injury. This is likely due to the influx of calcium at the injury site with activates calpain and leads to massive cleavage of IFs and abnormal aggregate formation (Perrot et al., 2008; Schlaepfer, 1974) .
Given how extraordinarily stable NFs are, with turnover being on the order of many weeks to months in adult nerves , it was unknown for a long time how NFs assemble and are transported to fill the whole axon. Much excellent work has now clearly established that NFs are moved as short ("squiggles") or long filaments bidirectionally in axons at all times (Wang et al. 2000) . This occurs by association with both kinesin and dynein motors Helfand et al., 2003; Trivedi et al., 2007; Roy et al., 2000; Uchida et al., 2009; Uchida et al., 2016; Yabe et al., 1999; Yan & Brown, 2005) . The Brown lab in particular has demonstrated with beautiful live imaging that NFs in mature axons continue to move, anneal, and sever (Uchida & Brown, 2004; Uchida et al., 2016; Uchida et al., 2013) . They are thus more dynamic than initially thought. NFs in mature axons are now often viewed as "bottle brushes" that move up and down the axon and maintain spacing of cytoskeletal elements. There is still controversy as to whether a stationary pool of assembled and crosslinked NFs also exists, but kinetic data is consistent with all NFs moving intermittently in both directions with pauses on the order of hours (Brown & Jung, 2013) . There is thus a mixture of dynamically interconverting moving and stationary NFs at any given time, which together contribute to the Accepted Article viscoelastic properties of the axoplasm to maintain structural integrity (Leterrier et al., 1996 , Brown & Jung, 2013 .
2) Neurofilaments -still many surprises and open questions!
New live imaging and NF fluorescent labeling techniques have demonstrated that NFs are unexpectedly dynamic in mature axons. In the soma and dendrites, non-phosphorylated NFs predominate whereas axonal NFs are highly phosphorylated on their tail domains with increasing phospho-content more distally (Dale & Garcia, 2012) . In the soma, NF is phosphorylated on the head domain which favors disassembly and prevents assembly into filaments and prevents tail phosphorylation (Grant & Pant, 2000) . As a consequence, it has been suggested that oligomeric species and shorter filaments might be more abundant in the soma and that filaments can assemble and grow in length during axonal transport as they travel more distally (Yuan et al., 2009) . Other work has shown that axonal NFs can increase in length by end-to-end annealing during axonal transport and shorten by severing (Uchida et al. 2013) . With increasing maturity, tail phosphorylation increases, leading to more stable and more stationary phases of NFs along axons. Even with this stationary pool, motile shorter filaments can always be observed (Chou & Goldman, 2000; Grant & Pant, 2000; Helfand et al., 2004; Helfand et al., 2003; Trivedi et al., 2007; Roy et al., 2000; Yabe et al., 2001) . As discussed above, it is controversial if there are distinct stationary and motile NF populations or if the two sets interconvert intermittently.
As mentioned before, many IFs have been implicated in signaling. It is less clear to what degree NFs in axons participate as signaling scaffolds in the same way as has been described for VIM or keratins. The phosphorylation events on NF tail domains are usually viewed as changing tail conformation to maintain spacing or to sponge up phosphates of hyperactivated kinases, rather than as specific regulators of signaling outcomes. It is known, though, that NF-M binds to 14-3-3 proteins when phosphorylated in its head domain, similarly to VIM and keratins, and might thus also modulate local signaling. In addition, NFs likely serve as "docking platforms" for organelles and vesicles (Lowery et al., 2015; Potokar et al., 2010; Rao et al., 2011; Toivola et al., 2005; Wagner et al., 2003; Yuan et al., 2017) . Much of this is still unknown, and exciting new discoveries will likely be made in this area in the future.
NF assembly, transport, and function in axons of the PNS are well studied, whereas the roles of NFs in dendrites and in the CNS are less well understood. Dendritic NFs are less dense and less phosphorylated, and deletion of NF genes has less noticeable effects on CNS architecture. Interestingly, NF KO mice present with both axonal and dendritic defects raising the question of whether NFs in dendrites play similar structural roles as in axons or carry out dendrite-specific functions. In particular, NF-L KO mice show not only defects in radial growth of axons, but also smaller dendritic arbors in large neurons in the spinal cord. NFs are thus also important in dendritic growth (Zhang et al., 2002) . Recent evidence has revealed NFs in synaptic boutons, but also at postsynapses and even in spines, both by immunofluorescence and electron microscopy. INA/NF-I, in particular, has been shown to localize inside synaptic spines by immunofluorescence (Benson et al., 1996; Bragina & Conti 2018; Yuan et al., 2015) , and biochemically purified PSD fractions contain all four neurofilament proteins NF-L, -M, -H, and INA/NF-I (Jordan et al., 2004) . Neurofilament proteins in the synapse are likely nonfilamentous, such as tetramers or protofibrils, due to the rarity of neurofilaments detected in Accepted Article synapses by classic EM studies. Some carefully done studies, though, do show some ~10nm filaments (likely corresponding to IFs) in synaptic spines (Landis & Reese, 1983; Perrot et al., 2008; Terada et al., 1996; Yabe et al., 1999; Yuan et al., 2003; Yuan et al., 2015) . IFs in synapses could be of particular importance due to associations of NFs with synaptic signaling machinery, including receptors, kinases, phosphatases, and scaffolding machinery. For example, NF-L binds to the cytoplasmic tail of the GluN1/NR1 subunit of the NMDA receptor and to protein phosphatase 1 (PP1) (Ehlers et al., 1998; Ratnam & Teichberg, 2005; Terry-Lorenzo et al., 2000) . Indeed NF-L knockout neurons exhibit reduced spine density and length with schizophrenia-like behavioral defects (Yuan et al., 2018) . INA/NF-I interacts with the PP1 scaffold spinophilin in an age-dependent manner, i.e. more INA/NF-I co-IPs with spinophilin in adult compared to postnatal brain (Baucum et al., 2010; Baucum et al., 2012) . NF-M binds to the cytoplasmic loop of D1 dopamine receptor and influences the receptor distribution (Kim et al., 2002) . Another study demonstrated that complete loss of NFs in the hippocampi of mice dramatically disrupts synaptic plasticity and social memory without altering the structural integrity of synapses. Moreover, deletion of NF-M in mice showed an enhanced response to dopaminergic drugs such as cocaine and amphetamines (Yuan et al., 2015) . The synapse is thus likely a whole new locale where NFs act in neurons. Since altered NF distribution and phosphorylation have been implicated in neuropsychiatric and neurodegenerative disease models, NFs at synapses might have clinical relevance (Yuan & Nixon, 2016) . The role of NFs at synapses is well reviewed in Yuan and Nixon (2016) . Even after many years of intensive research, much remains to be learned about the roles of mature NF networks in neurons! 3) Intermediate filaments in developing neurons are structurally and functionally diverse.
During early development, neurons express other subunits, such as nestin and VIM. Both VIM and nestin are largely downregulated as axons reach their target areas and make synaptic connections (Cochard & Paulin, 1984; Yabe et al., 2003) . Additionally, INA/NF-I and in the PNS, peripherin (NF-P) are expressed in neurons. INA/NF-I expression is maintained throughout adulthood, as NF-L and -M expression increase with time, with NF-H being expressed last (Figure 2) (Laser-Azogui et al., 2015; Nixon & Shea, 1992; Shaw et al., 1985; Benson et al. 1996) . NF networks in neurons are not thought to ever be composed of a single IF protein type, but are usually comprised of at least 2 or more coexpressed and copolymerized IF subunit proteins. In addition, during maturation and "transition phases", neurons may express both early and late NFs simultaneously. Given the temporal progression of IF subtype expression patterns in neurodevelopment (Figure 2) , one wonders what the functional consequences are of such complex expression changes. Heterogeneity of IF expression could change the mechanical characteristics of neurons and the signaling scaffolds of neurons as they mature (Robert et al., 2016) . The full extent of IF heterogeneity in developing neurons in vivo is currently poorly understood, as most existing data rely on comparative single or double labeling of IF subtypes, and comparisons between different sections stained with different antibodies. Many of these studies are older and were performed before quadruple or even triple labeling was possible. Thus IF diversity among individual cells may be underappreciated. There is clear evidence already that developing neurons transiently express different IF subtype filament systems (Nixon & Shea, 1992; Benson et al. 1996) which progressively mature with age to the Accepted Article stable NF network. Therefore, it would be quite interesting to see how neuronal IF proteins express differently among different neuronal cell types over time in specific brain regions.
Even in cultured neurons, the exact expression profiles of IFs in developing neurons are not well established, and studies labeling more than one IF protein type at a time are rare. It was initially shown that early axons are mainly composed of microtubules with only low levels of NF-M and NF-L before axons reach their synaptic targets (Perrot et al., 2008) . Recent work showed that cortical neurons express VIM and nestin at 24 hours in culture, but expression of these IF subtypes is transient, but some adult neurons continue to express VIM and nestin (Bott et al., 2019a; Guo et al., 2014; Hendrickson et al., 2011; Su et al., 2013; Zhu et al., 2011) . INA/NF-I is already expressed at DIV1 (DIV = days in vitro) in culture and expression is maintained. The majority of hippocampal neurons express some NFs (NF-L, -M, and -I/INA) by DIV3, but expression patterns are heterogeneous. Interestingly, IFs are enriched in the distal regions of very early (DIV 1) growing neurites in cultured neurons, suggesting possible roles of IFs in axon growth and growth cone responses (Figure 3) (Bott et al., 2019a; Boumil et al., 2018; Okabe et al., 1993; Uchida & Brown, 2004; Yan et al., 2001) . What then is the evidence for IF roles in neurodevelopment, including axon growth? VIM KO mice are viable, but do show some neurological deficits, including hyperactivity, impaired balance, and increased anxiety (Colucci-Guyon et al., 1999) , which might stem from neurodevelopmental or synaptic alterations. Downregulation of VIM with antisense oligonucleotides in cultured hippocampal neurons decreased neurite outgrowth (Boyne et al., 1996; Shea et al., 1993) , implicating VIM in some aspect of axon growth. Interestingly, during axon regeneration after injury in the PNS, IF networks are rearranged with NFs being downregulated and VIM being upregulated (Gillen et al., 1995; De Leon et al., 1991; Perlson et al., 2005; Vita et al., 1998) . This return to a more immature IF network might help in the dynamic cytoskeletal processes required for regeneration. INA/NF-I KOs have no reported phenotypes to date, suggesting that other IFs may compensate for INA/NF-I function in the nervous system (Levavasseur et al., 1999) . A role for INA/NF-I in axon outgrowth is not well documented. There is evidence from PC12 cells and neuroblastoma cell lines that INA/NF-I plays a role in neurite outgrowth (Shea & Beermann, 1999) , but newer approaches have not been used to investigate a role for INA/NF-I in axon growth or growth cone behavior. A number of studies have demonstrated a role for NFs themselves in axon outgrowth in cultured neurons. In Xenopus neurons, decreased rates of axonal growth are observed when embryos are microinjected with anti NF-M antibodies (Szaro et al., 1991; Walker et al., 2001) . In addition, NF content in Xenopus neurons correlates with the length of a particular neurite branch (Smith et al., 2006) . In mice, in vivo analysis of axon growth during development in the NF knockouts has not been carried out extensively at early time points, so subtle or transient defects might not have been detected. As we noted above, NF-L and NF-M knockout mice have 10-20% fewer motor axons (Jacomy et al., 1999; Kriz et al., 2000) , so some axon guidance defects or, alternatively, axon degeneration might occur in the absence of NFs.
The overall notion is thus that the early expressed IF proteins contribute to IF networks which are more dynamic and which are replaced with the very stable quadruplet NF network as axon growth completes and stable synaptic connections are formed. The molecular pathways in which early expressed IF proteins might be important are not well established. We recently Accepted Article discovered an unexpected role for the early expressed IF protein nestin in responsiveness to axon guidance cues. We will discuss the functions of nestin below.
IV) Nestin: an unconventional intermediate filament protein.
One of the earliest expressed IFs in the brain is the unconventional IF protein nestin. Nestin is a unique member of the cytosolic IF family, with an extremely long C-terminal tail and a truncated head domain (Figure 1) (Dahlstrand et al., 1992; Dahlstrand et al., 1995; Hockfield & McKay, 1985; Lendahl et al., 1990) . The truncated head domain is thought to prevent homooligomerization of nestin, so it is dependent on other similar type of IFs (Assembly group 2 IF proteins such as VIM, INA/NF-I, and NFs) for hetero-polymerization (Steinert et al., 1999a) . The C-terminal tail of nestin has unique binding interactions that are critical to its function. Most notably, the nestin tail binds the cdk5 activator p35, and is thus able to scaffold activated cdk5 (Sahlgren et al., 2003 (Sahlgren et al., , 2006 Yang et al., 2011) . During development, nestin expression in the brain is highest in neural progenitor cells (NPCs). It is thus commonly used in the field as a marker for NPCs (Dahlstrand et al., 1995) . Nestin expression is by no means restricted to NPCs, though, and it is broadly associated with many types of proliferative cells, including myoblasts and cancer cells, as well as their vascular networks (Bernal & Arranz, 2018; Calderone, 2018) . The cellular roles of nestin are far from fully understood, but it regulates a variety of signaling pathways. These pathways include inducing proliferative signaling (cdc2, MAPK, EGFR pathways) (Chou et al., 2003; Hu et al., 2016; Xue & Yuan, 2010) , as well as downregulating apoptotic pathways and providing protection from oxidative stress (Sahlgren et al., 2006; Su et al., 2013; Wang et al., 2019) . The modulation of oxidative stress responses by nestin occurs in part via its regulation of cdk5/p35 (Sahlgren et al., 2006; Su et al., 2013) , but if all roles of nestin are cdk5-dependent has not been established. In addition to being present in proliferating cells, nestin is also present in postmitotic neurons for a short time (Bott et al., 2019a; Walker et al., 2007; Yan et al., 2001) , possibly representing a transition state between progenitor and neuron. In young neurons, nestin was found to act as a signaling modulator of axon growth in early axonogenesis, and this particular role of nestin was shown to be cdk5-dependent (Bott et al., 2019a) .
1) Roles for nestin in neural progenitor cells
Given the prominent expression of nestin in NPCs, much effort has been made to uncover the molecular roles of nestin in NPCs. A number of defects have been reported for nestin knockdown in neural stem cells in culture, including increased cell death and reduced proliferation (Hu et al., 2016; Park et al., 2010; Sahlgren et al., 2006) . In Zebrafish, microcephaly and small eyes were reported after KD of nestin with morpholinos (Chen et al., 2010) . Again, NPC death was increased. There were also some defects in axon tracts, but it was not clear if these were a consequence of NPC phenotypes or independently arising in neurons. Another paper used in utero electroporation of nestin directed shRNA into rat embryos and found fewer migratory neurons. This was reported to be due to cell cycle arrest of NPCs in G1. Cell death was not increased. The shNestin phenotype could be rescued with WT nestin, lending additional validity to this phenotype (Xue & Yuan, 2010) .
2) Nestin knockout mice -great confusion from different mouse models.
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In 2010/2011, the first mouse nestin KO papers were published. One paper reported embryonic lethality with severe brain defects due to increased NPC death (Park et al., 2010) . The reported phenotype thus appeared similar to the Zebrafish phenotype (Chen et al., 2010) and possibly also the rat shNestin phenotype (Xue & Yuan, 2010) . A different study generated an independent knockout line (Mohseni et al., 2011) , and another used lentivirus to express nestin RNAi in developing embryos (Yang et al., 2011) . From both of these studies nestin appeared not essential for neural development, but was important for myogenesis and neuromuscular junction (NMJ) formation, and behaviorally resulted in poor performance in the rotarod test due to decreased muscle coordination. Surprisingly, adult neurogenesis was found to be impaired in the viable nestin KO strain by an unexpected non-cell autonomous mechanism where nestin-expressing astrocytes regulate Notch signaling in progenitors to maintain stemness (Wilhelmsson et al., 2019) . In addition, some behavioral defects were described in the same paper, in particular with respect to long term memory in an object recognition test (Wilhelmsson et al., 2019) . A role for nestin in maintaining embryonic NPC pools are thus controversial. It is not at all clear how to reconcile the diametrically opposed results from these differing mouse models. However, since nestin has been linked to stress responses, perhaps variance in environmental stress (environment, background strain, microbiome, stress) in different facilities contributes to these different outcomes. This is consistent with knockout models of other IF proteins, whose functions only become apparent after injury (Eckes et al., 2000) .
3) Nestin -a potent regulator of cdk5 signaling cascades. We discussed above the vast amount of accumulating evidence that many IF proteins have roles in regulating signaling cascades. Nestin is clearly also active in signaling regulation, and in fact, some of the best examples of IF protein signaling come from studies of nestin. Nestin has been shown to promote or inhibit several signaling pathways through different mechanisms. Most notably, cdk5 activity is regulate by scaffolding of cdk5/p35 onto nestin. This scaffolding of active cdk5 reportedly leads to either increased or decreased phosphorylation of different cdk5 substrates, creating contradictory conclusions.
For example, in differentiating myoblasts the proper level of cdk5 activity is critical for differentiation. In this cellular model, the level of cdk5 activity is modulated by controlled cleavage of the cdk5 activating protein, p35, into its hyperactive form p25 . In Alzheimer's models, p25 is often associated with disease progression, although this is controversial (Giese, 2014) . However in myoblasts, p25 generation occurs during physiological muscle development (de Thonel et al., 2010) . Nestin via its direct interaction with p35 can protect p35 from calpain-mediated cleavage into p25, and thus modulate the rate of differentiation of myoblasts. Depletion of nestin in myoblasts thus resulted in hyperactivation of cdk5/p25 which led to transcriptional changes promoting increased muscle cell differentiation . In a cancer context, nestin was also shown to dampen cdk5 activity towards a nuclear cdk5 substrate. A study using two lung cancer cell lines showed that nestin depletion increased nuclear lamin A/C phosphorylation by cdk5, which induced tumor cell senescence and reduced proliferation (Zhang et al., 2018) . Interestingly, this group identified a nuclear localization motif on nestin which may modulate how nestin affects nuclear targets in some cell types (Zhang et al., 2018) .
Cdk5 has both cytosolic and nuclear pools and nestin might localize cdk5 activity in the cytosol. For instance in NPCs, nestin expression increased the cytosol to nuclear ratio of cdk5 localization and cdk5 activity, without affecting the total level of cdk5 activity when assayed in vitro on the exogenous cdk5 substrate histone H1 . Nestin depletion decreased cdk5 mediated phosphorylation of the mitochondrial organization protein, DRP1 (which is localized in the cytosol), and thus affects mitochondrial organization . In other models of muscle differentiation using C2C12 myotubes, nestin RNAi reduced overall cdk5 activity of lysates, particularly on membrane fractions, on the exogenous cdk5 substrate histone H1 in vitro (Yang et al., 2011) . Whether nestin increased or decreased cdk5 activity is thus context-dependent (Lindqvist et al., 2016) .
These findings could be reconciled if one proposed that nestin can increase the phosphorylation of cytosolic cdk5 substrates, while decreasing phosphorylation of nuclear cdk5 substrates. As a consequence, depletion of nestin would increase nuclear cdk5 activity, but decrease cytosolic cdk5 activity. The effect of nestin on inhibiting or promoting substrate phosphorylation would thus depend on the localization of the substrate. Conclusions on this matter are complicated and conflicting, as most studies rely on exogenous, non-physiological cdk5 phosphorylation assays of histone H1, a nuclear protein, instead of phosphorylation of endogenous relevant substrates. Albeit, some studies do distinguish and compare the activity of cdk5 on histone H1 in nuclear vs cytosolic cellular extracts. One could imagine cytosolic localized nestin/kinase complex (cdk5/p35) could be modified in some other way (or in a complex) in that it prefers cytosolic substrates after lysis, and not nuclear substrates such as histone H1. 4) Nestin -a potent scaffold for other signaling molecules.
Nestin has been shown to affect fate signaling in some cellular systems. The underlying mechanism is by altering the distribution of fate-inducing molecules to affect results of cell divisions -be it differentiation, continued proliferation, or cell death. Depletion of nestin in neural stem cells and myoblasts has been shown to induce premature differentiation Wilhelmsson et al., 2019) , but the NPC pathway is not thought to be via cdk5 regulation, but via affecting numb segregation. Again, confusion exists because the effects are not the same in all systems. Nestin was found to segregate away from the cell fate determinant Numb in dividing mouse NPCs in culture (Shen et al., 2002) . In contrast, in chicken, the nestin analog transitin was found to interact with numb and segregate together with numb into daughter cells (Wakamatsu et al., 2007) . A very different model again has been proposed in an adult neural stem cell model where nestin in astrocytes of the adult neural stem cell niche resulted in changed processing of Notch. Absence of nestin led to pre-mature differentiation of neuroblasts into neurons in a non-cell autonomous manner (Wilhelmsson et al., 2019) . The mechanism by which nestin might regulate Notch signaling and Numb localization is thus not clear and will require additional work.
In a different example, nestin interacts with and alters the subcellular localization of unliganded glucocorticoid receptor (GR) (Reimer et al., 2009) . GR is associated with nestin in the cytosol, and upon ligand stimulation, GR dissociates from the nestin IF network and translocates into the nucleus to induce cell cycle arrest. Nestin depletion phenocopies ligand stimulation and leads to constitutive accumulation of GR in the nucleus. In this way, anchoring Accepted Article of GR by nestin is important for robust cell proliferation by sequestering GR in the cytosol (Reimer et al., 2009 ). This study highlights and visually demonstrates well how nestin can sequester or scaffold signaling molecules in the cytosol, and its loss results in increased activity of that signaling molecule in the nucleus. This is similar to what is seen with cdk5 activity.
These different examples highlight the emerging notion that scaffolding by nestin can change signaling outcomes related to cell cycle exit and differentiation, but the direction of change and the molecular mechanisms depend on the cell type. It is currently impossible to predict the ultimate effect of nestin on any given signaling pathway, and it will have to be tested separately for each different context.
5)
A novel role of nestin in neurons in regulating substrate selectivity of cdk5.
As discussed above, the effect of nestin on cdk5 activity depends on the substrate tested. Since most studies use in vitro kinase assays with histone H1 as an artificial substrate, it is not certain to what extent the conclusions will translate to what happens in cells. Therefore, it is important to study the consequence of nestin on phosphorylation of the endogenous relevant substrates of cdk5 in cells. We recently discovered that nestin selectively promotes the phosphorylation of the cytosolic cytoskeletal associated protein, DCX, by cdk5, but the phosphorylation of several other cdk5 substrates is not affected by the presence of nestin (Bott et al., 2019b) . The mechanism for this substrate selectivity is based on the fact that nestin is found in a physical complex with DCX, but not with other cdk5 substrates. Nestin thus selectively scaffolds DCX in close molecular proximity to active cdk5/p35 which leads to increased DCX phosphorylation. In the absence of nestin, DCX is a poor substrate for cdk5 in comparison to other cdk5 substrates which are robustly phosphorylated by cdk5 even in the absence of nestin scaffolding. A previous study showed that nestin is expressed in early neuronal growth cones (1 DIV) and that it plays a role in regulating growth cone morphology and Sema3a-mediated growth cone filopodia retraction (Bott et al., 2019a) . This nestinmediated regulation of a growth cone response to Sema3a is dependent on cdk5 and constitutes the first example of an IF protein modulating the neuronal response to an axon guidance cue. This example is likely just the tip of the iceberg for how neuronal development, from stem cell differentiation, to axon guidance, to synaptic function depends on different IF proteins in different contexts serving as signaling scaffolds to change signaling outcomes.
Concluding remarks
The appreciation of different functions of individual IF protein types is an important step in understanding neuronal diversity. Unlike other filament systems, the building blocks of IFs impact more than just the physical properties of the resulting filament, but can provide a scaffold with novel chemistries in specific locations within a cell. The ability to localize specific reactions within a neuron suggests that the study of how IFs are localized and transported throughout the cell will yield insights into what signaling process an IF is involved in. The varied expression of IF proteins over time, between cells, and between brain regions might be one factor that alters functions and behavior of individual neurons. In addition to acting as an assembled filament, possible functions of soluble intermediate filament species (from monomer to protofilaments) remains to be more fully delineated and is an important consideration going forward. Finally, more experiments to uncover the different interacting Accepted Article proteins with neurofilaments are important to elucidate more signaling functions of IF proteins. Even though the first knockouts were made over 20 years ago, the study of the cell biological functions of intermediate filaments still has much room for future research.
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Figure Legends

Figure 2: IFs expressed in neurons throughout development of the nervous system
Multiple IFs are expressed in neurons throughout development and adulthood. We adopt a nomenclature of referring to all IFs expressed in neurons as neurofilaments, i.e. NFs. The specific tail domains are highly divergent in length. In addition, nestin is unique in that it has a truncated head domain. All the IF proteins shown can co-assemble -thus are in the same assembly group. Most are Class IV IF proteins, but Vim and peripherin/NF-P are Class III based on sequence of the rod domains. Shown are E16 mouse cortical neurons 24 hours in culture. Nestin is an early neuronal IF, that is expressed at high levels in neural progenitor cells, however some low levels of expression continue in early developing neurons, as shown. Doublecortin (DCX) expression confirms the neuronal identity of the cell. A. Nestin is enriched in the distal regions (although not in the most distal tips) of growing axons (arrowheads), but absent from secondary neurites (arrows). B. Higher magnification STED super resolution image demonstrating the filamentous nature of the IF nestin in the distal region of a growing axon.
